Backgroud/Aims: Skeletal muscle (SM) constitutes more than 40% of the body weight in adulthood. Transports dietary glucose mainly through the insulin-dependent glucose transporter (Glut-4) located in the Transverse tubule membrane system (TT). The TT development ends shortly after birth. The TT membrane hosts the proteins involved in excitation-contraction coupling and glucose uptake. Glycaemic regulation through movement is a key function of fully developed skeletal muscle. In this study, we aimed to characterize the effect of gestational undernourishment (GUN) in rats GLUT-4 expression and on the protein/ lipid content of the TT membranes. We also examined the effect of GUN on the mechanical properties of muscles as an indication of the metabolic condition of the SM at birth. Methods: Isolated TT membrane from SM of GUN rats were used to study lipid/protein content and protein stability by differential scanning calorimetry. The effect of GUN on the SM mechanical properties was determined in isolated Extensor Digitorum Longus (EDL) muscle. Results: We demonstrate that compared to control, GUN in the new-born produces; i) decreases body weight; ii) diminution in SM mass; iii) decreases the formation of TT membranes; iv) expresses TT membrane proteins with higher thermal stability. The TT membrane expression of GLUT-4 in GUN offspring was twice that of controls. The isolated EDL of GUN offspring was 20% stronger as measured by contractile force and more resistant to fatigue relative to controls. Conclusion; These results provide the first evidence of adaptive changes of the SM in newborns exposed to severe gestational food restriction. The effects of GUN on muscle at birth are the first step toward detrimental SM metabolic function, contributing to the physiopathology of metabolic diseases in adulthood.
Introduction
Skeletal muscle (SM) represents 35 to 45% of the total body weight of adult mammals and 22 to 25% of new-borns' body weight [1] . SM is the most abundant tissue in all vertebrates [2] . Cell differentiation toward muscle formation -myogenesis -starts shortly after conception in humans, and all muscle cells of an individual are determined soon after birth [3] . The two mayor types of skeletal muscle -slow and fast SM -arise from different cell populations and emerge 30 and 90 days, respectively, after conception in humans [4] . Nevertheless, fetal and new-born SM is mainly composed of slow to intermediate SM fibers with oxidative metabolism and a high resistance to muscle fatigue [5] . The structural complexity of SM as a protein reservoir, with the main function of converting chemical energy into mechanical energy and with central control by the nervous system, makes SM the largest unique metabolic mechanical machinery in humans. Immature muscle, under properly nourished conditions, is characterized by rapid protein accumulation that is supported by a high rate of protein synthesis [6, 7] . As maturation proceeds towards the fully differentiated muscle fiber, the rates of protein synthesis and protein accumulation decay in parallel [8] . Skeletal muscle requires glucose as its main chemical fuel to perform its mechanical functions (contraction and relaxation). Glucose metabolism is also the main source of energy used to synthesize the muscle proteome, which contains the largest proteins encoded in the human genome [9] . Low concentrations of glucose in a culture medium of mouse myeloblast cell line (C2C12 cells) have been demonstrated to inhibit myoblast fusion and myotube formation, with incomplete differentiation of the fiber [10] . The expression of glucose transporter (GLUT) isoforms varies by muscle differentiation. GLUT-1, a non-insulin-dependent glucose transporter, is expressed mainly in myoblasts and is present only in the sarcolemma of adult SM, suggesting that insulin receptors in the sarcolemma are not related to glucose uptake but rather are associated with myogenesis [11, 12, 13] . During differentiation, the plasma membrane of the myotube folds into the cell-forming caveolae, which lead to the formation of an extended trans-cellular web of surface membranes, termed the transverse tubule (TT) system [14] , which creeps into the growing muscle fiber to increase its surface area with the extracellular environment. Two events are associated with the development of the TT system: the transmission of the action potential to initiate excitation/contraction coupling [15] , and the relocation of the insulin-mediated glucose transporters to the surface [16] . The expression of the Dyhydropyridine Receptor (DHPR), a voltage-dependent calcium channel [17] , and the glucose transporter type 4 (GLUT 4), an insulin-dependent GLUT isoform expressed in skeletal muscle and adipose tissue [18] , are key markers of TT membranes in adult SM. GLUT-4 is the main mechanism for skeletal muscle glucose uptake in response to insulin and exercise during postnatal life, and it has been found to be enriched threefold in TT membranes compared with the sarcolemma in adult SM [18] . In contrast, insulin receptors are distributed in equivalent proportions in the sarcolemma and in the TT membranes [18] . Myofibril development in the mouse starts at day 14 of gestation, and TT membrane development has been shown to start at day 15, ending shortly after birth [19] . Although TT membrane distribution is almost complete shortly after birth, the entire TT membrane net is not fully connected [20] . In adult SM, the total area of the TT membrane network has been calculated to be seven fold higher than that of the sarcolemma [21] . TT membrane formation is also dependent on the expression of the Caveolin type 3 (Cav-3) proteins, which is a SM-specific isoform [22, 23] . An absence or deficiency of Cav-3 in C2C12 cells leads to the absence of TT membrane formation and therefore the underdevelopment of the fiber [24] . Although several molecular markers in TT membranes isolated from adult SM are well characterized, little is known about the characteristics of TT membranes isolated from new-borns. The Ca 2+
/ Mg

2+
-ATPase represents up to 26% of the total TT membrane proteins in adult SM. This protein has the highest ATPase activity. Even though the exact function of this protein is not well understood, it has been related to an ecto-ATPase [25] . The Ca
-ATPase (PMCA), which represents approximately 10% of the total ATPase activity in TT membranes in adult SM [26] , has been shown to be overexpressed after a protocol of endurance exercise [27] . However, it is unknown whether PMCA is expressed in new-born SM. In terms of lipid composition, the TT membrane from normal adult SM is enriched in cholesterol and sphingolipids, with a phospholipid/cholesterol ratio between 0.5 and 0.9 in different species [24, 28, 29] . However, no data are available on the lipid content of TT membranes from new-born SM.
Due to the dimensions and functions of fully developed SM, this tissue is highly sensitive to nutrient restriction, especially during differentiation [30] . Decreased amounts of glucose and amino acid supplementation result in hypotrophic muscles with insulin resistance [31, 32] .
Factors such as pre-gestational and gestational maternal undernourishment and young maternal age in humans have a significant impact on the development of low birth weight, which in turn is inversely associated with an increase in adipose tissue and obesity in the adult life [33, 34] . The treatment of pre-term very low weight human new-borns (< 1,500 g) with traditional parenteral nutrition with an isotonic glucose solution (300 mOsm/L) or with glucose plus an amino acid solution has been demonstrated to result in increased body fat but to not influence muscle mass [35] . Because hypertrophy in the postnatal life is the developmental mechanism by which SM will continue growing, stimulating bone enlargement and brain development throughout movement, gestational undernourishment may be considered a potential cause of metabolic diseases in adulthood when the individual is later exposed to high carbohydrate intake [36, 37] .
The aim of this study was to evaluate how gestational undernourishment affects skeletal muscle function secondary to an effect on the formation of the TT membranes. The mechanical properties of fast compromised SM and the characteristics of isolated TT membranes from the SM of normal and gestationally undernourished new-born rats were determined at day zero. The results show that GUN induced a reduction in SM mass with higher force development, decreased SERCA activity, reduced presence of TT membranes and overexpression of TT membrane GLUT-4.
Materials and Methods
All procedures were conducted in accordance with the Guide for the Care and Use of Laboratory Animals of the Institute of Laboratory Animal Resources of the United States, as approved in Mexico by the Ethics Committee of the School of Medicine of the National Autonomous University of Mexico (UNAM) (NOM-062-ZOO1999).
Animals
Female Wistar rats obtained from our own colony, weighing 250 and 300 g, were used. We determined the phase of each rat's ovarian cycle using the morphological changes of the vaginal epithelium as evaluated by vaginal smears. Mating was confirmed by the presence of sperm in vaginal smears after females had been caged overnight with males at a controlled temperature of 25 ºC, and this event was considered as the first day of gestation. The rats were synchronized with light/dark cycles of 12 h/12 h to produce constant pregnancy lengths of 21 days.
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Protocol for gestational undernourishment
Starting from day zero of gestation, the diet of the pregnant females was set to 8 g of generic food (protein 23%, fat 4.5%, carbohydrates 6.0%, mineral mix 2%, Rodent Laboratory Chow, Agribrands Purina, Mexico) per day with water intake ad libitum until delivery. Each female was monitored through gestational end and birth, which occurred approximately on the 21st day of gestation. The day of birth was considered day zero (new-born) of the offspring. After delivery, live pups were weighed. All pups delivered dead were excluded. The experiments were performed on SM isolated from animals at day zero of life. The number of pups in each litter was evened to six. Pups were sacrificed by decapitation. Blood samples were taken and the limb and dorsal SMs were dissected, frozen with liquid nitrogen and stored at -70 ºC for membrane isolation.
Serum glucose quantification
One drop of blood was used to measure the serum glucose level with an Accu-Chek Active glucometer (Roche, test strip lot code number 380).
Total serum proteins
The total serum protein content in the new-borns rats' blood was measured by the colorimetric technique using Coomassie Blue. Serum was obtained by centrifugation at 10,000 rpm for 10 min at 4 °C.
Muscle preparation for mechanical studies
New-born rats of 4 g (undernourished) and 6 g (controls) were euthanized and the Extensor Digitorum Longus (EDL) isolated at room temperature. The isolated muscle was wet-weighed before being placed in an acrylic chamber equipped with platinum electrodes along each side of the chamber wall that were in contact with the length of the muscle. Krebs solution containing in mM: 135 NaCl, 5 KCl, 1 MgCl 2 , 2.5 CaCl 2 , 11 Dextrose, 1 NaPO 4 (dibasic), 15 NaHCO 3 was bubbled with 95% O 2 and 5% CO 2 to achieve a pH of 7.0. The EDL muscle was fastened from the distal tendon to the forceps and from the proximal tendon to a force transducer. The platinum electrodes were connected in parallel to two stimulators (Grass SD9).
Maximal force at optimal sarcomeric length
Single electrical pulses of 0.6 ms were used to reach the maximum voltage for the maximal tension. The muscles were stretched to a length at which the twitch force was maximal to achieve the optimal sarcomeric length (2.4 µm). A tetanic stimulation of 75 Hz at 90 V for 1 s was used, followed by 3 min of rest. This protocol was repeated several times with 3-min resting periods to ensure that at least three control tetanic forces were repeated. This force was considered to be the control maximal tetanic tension. At the end of the protocol, the muscle was allowed to rest for 10 min before the fatigue protocol began.
EDL muscle weighed 1.04 ±0.02 mg (n=13) for CN pups and 0.8 ±0.024 mg (n=9) for GUN pups, a 23% lower EDL weight (p<0.0004). EDL muscle force (N) was determined using a mass calibration curve with the dimensions of the EDL muscle. EDL dimensions were carefully observed to avoid false impressions of the calculated force between CN and GUN groups.
Tetanic fatigue protocol
Five tetanic stimulations of 75 Hz were applied for 3 s at 100 V with a 1-min rest between stimulations. After the five stimulations, a 5-min rest period allowed for the recovery of muscle force. Muscle force in Newtons (N) was determined using a mass calibration curve. The fatigue protocol was performed at 50% and 30% with continuous stimulation of 75 Hz given for 1 s at 100 V every 0.3 s, as previously described [29] . To evaluate fatigue, muscle contractile recovery was performed after 10 min of the completion of the fatigue protocol, as follows: five tetanic stimulations of 1 s, 75 Hz at 100 V every 5 min. After the complete protocol, the EDL muscle was wet-weighed.
Isolation of transverse tubule membranes
Muscles were obtained from five litters of new-borns rats (20 g), including both control and gestational GUN pups. The isolated muscle was pooled by group and homogenized with a Polytron at 4500 rpm with two pulses of 30 s, with 10-s rests between pulses, in a solution containing 20 mM of Tris-Malate and 100 mM of KCl 100 at pH 7.0 in a 1:4 ratio. Membrane fractionation was performed as a modification of the
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Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry method previously described [27, 28] . Briefly, total homogenate was centrifuged at 7500 rpm in a Sorval centrifuge (SS34 rotor) for 30 min at 4°C. The supernatant was recovered and filtered on eight layers of gauze. The supernatant was subject to osmotic shock with 0.5 M of KCI and washed two times with buffer A in a Beckman ultracentrifuge (45Ti rotor, 43000 rpm, 45 min, 4 °C). Afterwards, the pellet was homogenized in a solution containing 20 mM of Tris-Malate and 300 mM of sucrose, pH 7.0. The sample was placed on a sucrose-discontinued gradient (43%, 35%, 27.5% and 28%) and centrifuged in a Beckman ultracentrifuge (SW28 rotor, 23,000 rpm, 16 h, 4 °C). The interfaces between 25-27.5%, 27.5-35% and 35-43% were recovered, washed and homogenized in a solution containing 20 mM Tris-Malate and 100 mM KCl, pH 7.0 and flash-frozen with liquid nitrogen and stored at -20 °C. The highest levels of DHPR, Mg
2+
-ATPase, Cav-3 and GLUT-4 were determined at the 25-27.5% gradient interface, which corresponds to the TT membranes' fraction also obtained from adult SM.
Isolation of sarcoplasmic reticulum (SR) membranes
SR membranes were obtained from previously frozen limb and dorsal SMs of control and undernourished new-borns. The isolation was performed using differential centrifugation and a discontinuous sucrose gradient in the absence of any reducing agent in the buffer medium. Initial sucrose gradients of 25%, 27.5% and 35% w/v were used to separate the surface membranes. The 35% interface was placed on a second discontinuous gradient consisting of 27.5%, 30%, 32%, 35% and 45% sucrose. The band obtained at the 32% and 35% interfaces was identified as light SR (LSR), as detected by the maximum ATPase activity stimulated by Ca
2+
. Protein concentrations were determined using the Coomassie Plus Protein Assay Reagent (Pierce, Rockford, IL, USA) with bovine serum abumin (BSA) as the standard.
Total lipid content and cholesterol determination
The total lipids in isolated TT membranes (100 μg) were determined using the Chloroform/Methanol method as previously described [38] . To measure the cholesterol concentrations, a Cholesterol/Cholesteryl Ester Quantitation Kit (Biovision, CA, USA) was used according to the manufacturer's instructions. The protein was precipitated after weight determination.
ATPase hydrolytic activity
Total ATPase activity was measured by colorimetric determination of Pi using malachite green as described previously [39] . Aliquots of 5 µg/ml of protein were incubated in a solution containing (in mM): 100 KCl, 5 MgCl 2 , 5 NaN 3 , 1 ouabain and 20 Tris-Malate, pH 7. The reaction was stopped with a solution containing the following: 0.045% malachite green hydrochloride, 4.2% ammonium molybdate in 4 N HCl, 0.8 ml Triton-X100 for each 100 ml of solution, and 0.25 ml Na-citrate (34%). The absorbance was read at 660 nm.
Differential scanning calorimetry (DSC)
DSC was used to measure the transition temperature (Tm) of the TT membrane proteins. Tm is defined as the temperature at which excess heat capacity is maximal. The TT membranes were dissolved in a buffer containing 100 mM KCl and 20 mM Tris-Malate (pH 7.0). Excess heat (Cp) versus temperature scans were obtained from approximately 0.5 mg/ml protein using a high sensitivity differential scanning calorimeter VP-DSC. (MicroCal Inc., MA USA). The samples and reference solutions were carefully degassed under a vacuum for 5 min before fully loading the DSC containers with a capacity of 0.56 ml. When an equilibrium was reached at 10 °C, the temperature was increased to 100 °C. Each scan was performed at a rate of 1 °C/ min. To assess for protein unfolding reversibility, the temperature was cooled to 10 °C and rescanned up to 100 °C. The baseline was corrected by subtracting the rescan from the scan. In all cases, there was no evidence of reversibility. DSC profiles were deconvoluted and the best theoretical fit calculated assuming irreversible unfolding occurred as previously described for SR [26, 40] .
Electrophoresis and immunoblot analysis
A sample with 25 mg/ml of protein was denatured at 95 °C for 5 min with Laemmli reagent and placed on 10% SDS-Page gels (120 V, 1 h, room temperature) and then transferred to a Nitrocellulose membrane (BIO RAD) for 1 h (100 V, 4 °C). The membrane was incubated for 1 h at room temperature in
Results
Normal female Wistar rats in our animal care facilities were fed at libitum, and the average amount of food consumed was approximately 12 g of commercial food, which increases on average up to 17 g during pregnancy. Food-restricted rats were exposed only to 8 g of the same food during pregnancy. Figure 1A shows the average body weight of the offspring. The body weight of CN pups at day zero was 5.8 ±0.031 g versus 4.5 ±0.03 g for GUN pups, which was 23.04% less. Figure B shows the average weight of selected SM obtained per animal; the average wet weight was 0.423 ±0.004 g for CN pups and 0.268 ±0.001 g for GUN pups, corresponding to a 37% lower SM wet weight in the GUN pups. Figure 1C shows the average serum protein concentrations, which were 12.86 ±0.17 mg/ml for the CN pups and 9.53 ±0.093 mg/ml for the GUN pups, the latter being 25.78% lower. Figure 1D shows the average blood glucose concentrations for CN and undernourished (GUN) pups. Figure  1C shows the serum proteins. Figure 1D shows the glucose serum levels at day zero, which were 96.73 ±3.25 mg/dl for CN pups and 83.75 ±2.56 mg/dl for GUN pups, corresponding to a 13.41% lower glucose level for the GUN pups.
To attest for the functionality of skeletal muscle (SM) in undernourished pups, we studied the mechanical properties of the isolated EDL using electric stimulation. Figure 2 shows the force developed by CN and UN pups in a tetanic stimulation train. Figure 2A corresponds to a representative experiment for EDL muscle from CN pups and A) The three tetani from the stimulation train protocol (75Hz, 1s, 100V every 0.3s): the initial tetanus, the tetanus at 90 and the tetanus at 180 min. Relative to the control (continuos line), the average force in GUN-EDL (discontinuos line) muscle is 60% higher at the first tetanus, 55% at 90 min and 50% at 180 min. B) the average impulse (N/s) in GUN-EDL was 64% higher at the time of the initial tetanus, 70% at 90min and 80% at 180 min.
The effect of gestational undernourishment on the mechanical properties of the isolated Extensor Digitorum Longus muscle
Fig. 4. Sarcoplasmic reticulum Ca
2+
-ATPase (SERCA) activity. SERCA ATP hydrolytic activity from CN and GUN skeletal muscle was determined as a function of time until 2.5 h after reaction. Control () and in GUN () (µmol Pi/mg protein). (± SD, n=5).
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shows that, after every relaxation, the baseline is maintained at a higher level. Figure 2B corresponds to a representative experiment for EDL muscle from GUN pups and shows that the force increases by 18-24% in the GUN EDL muscle when the first and last tetani (separated by 200 s) in the stimulation train are compared. Figure 2C shows the average force (in mN) selected from different tetani along the time course of the stimulation train. Control EDL muscle had an initial force of 24.9±1.9 mN (n=5), and the initial force of EDL from GUN pups was 30.3±2.9 mN (n=4) (p>0.05). The average force at 200 ms after initiation of the stimulation train was 16.3 ±1.8 mN for the CN pups and 21.2 ±2.4 mN for the GUN pups (p>0.05). The rate of fatigue was similar between the two groups; however, the time to reach 30% force was 3.84 ±0.16 min for the CN pups and 4.12 ±0.067 min for the GUN pups (p<0.05). The GUN pups required 6.86% more time to reach 30% fatigue. Figure 3A represents three of the tetani of the stimulation train -the initial tetanus, the 90-min tetanus and the 180-min tetanus -and shows similar rates of contraction and relaxation, but the 
Cellular Physiology and Biochemistry force developed was an average 60% higher in the GUN EDL muscle (discontinuos line). Figure 3B shows the average integral force as a function of time, which was higher in the GUN EDL muscle (discontinuos line) relative to the corresponding control by 64%, 70% and 80% at the initial, 90-min and 180-min tetani of the stimulation train, respectively. The muscle from the GUN pups was stronger and more resistant to fatigue than that from the CN pups. Because the force of contraction and fatigue are related to intracellular calcium regulation, we studied the sarcoplasmic reticulum Ca 2+ -ATPase (SERCA) activity and the properties of isolated TT membranes from CN and GUN skeletal muscle.
Sarcoplasmic reticulum Ca
2+ -ATPase (SERCA) activity The increased force and amplitude of tetani shown in Figure 3 indicate a higher availability of calcium during contraction in the GUN EDL muscle. Figure 4 shows the specific SERCA hydrolytic activity as a function of time, determined in isolated sarcoplasmic reticulum from CN and GUN skeletal muscle. The activity of SERCA in GUN muscle is lower throughout the time course, specifically 30% lower after 2.5 h of reaction.
Transverse tubule membranes
The membrane fraction obtained at the 25/27.5% interface of the sucrose gradient had the highest Mg 2+ /Ca 2+ -ATPase activity, as has also been reported for the adult TT membrane [25] . Figure 5A shows the Mg 2+ /Ca 2+ -ATPase hydrolytic activity in the SM TT membranes of CN pups, which corresponds to 2.67 ±0.14 μmol Pi/mg protein at 20 min; the catalytic -ATPase (PMCA) was 0.07 ±0.03 μmol Pi/mg protein (n=3) (p>0.05), but only 2.7% of the total ATPase activity corresponds to the PMCA. Figure  5B shows the ATPase of Mg
2+
/Ca
2+ in the GUN TT membrane, which corresponds to 2.51 ±0.12 μmol Pi/mg protein at 20 min; the catalytic activity of the PMCA was 0.06 ±0.11 μmol Pi/mg protein (n=3) (p>0.05). Figure 5C depicts the comparison of the CN and GUN PMCA of TT membranes; although we found no statistically significant differences, the PMCA activity tended to be higher in the muscle TT membranes of the GUN pups.
Because the protein composition of TT membranes from new-borns may be different from those from adults, we studied the protein unfolding profile of TT membranes from normal and gestationally undernourished new-born rats and compared them with TT membranes isolated from adult fast SM.
Differential scanning calorimetry (DSC) of the TT membrane proteins
The thermal denaturation profile of isolated TT membranes obtained by DSC at a heating rate of 1 °C/min is shown in Figure 6 . The thermal denaturation of protein is an endothermic process that creates excess specific heat (Cp). The transition temperature (Tm) of each component was determined by deconvolution of the profile. Denaturation was completely irreversible after scanning to 80 °C. The thermal unfolding profile of adult isolated TT membranes from fast skeletal muscle was used as a reference [26, 27] . Figure 6A shows the denaturation profile of TT membranes obtained from new-born rats corresponding control (continuos line). We observed three major transitions, at Tm(1)=45 °C, Tm(2)=52 °C and Tm(3)=58 °C. Figure 6B shows the unfolding profile of TT membranes isolated from GUN new-born rats. Although the three transitions observed for CN TT membranes were also present in the GUN new-borns, two of the three transitions appeared at higher temperatures -Tm(1)=51 °C and Tm(2)=54 °C -which differed by 6 °C and 2 °C, respectively, from the controls. The transition at Tm(3)=58 °C had the same temperature, but the transition was faster than all three major transitions.
We determined the lipid concentration and the concentration of TT membrane protein markers in the CN and GUN pups.
Protein and lipid content of the TT membrane SDS-PAGE analysis showed different protein molecular weight patterns between CN and GUN TT membranes. 
/Ca
2+ ATPase (100-110 kDa), accounting for 26% of the total protein components [25] , whereas Ca 2+ -ATPase (130-140 kDa) accounts for 10% [26] . In new-borns, Mg 2+
2+ ATPase appear to be present at very low levels or to be inactive. In CN new-borns, 44 ±2.7% (n=3) of the total protein detected by densitometry corresponds to a protein, or group of proteins, at a molecular weight range between 40-60 kDa (Fig. 7A) ; in comparison, 55 ±2.3% of the total protein falls in the same molecular weight range in the GUN new-borns (n=3) (Fig. 7B) . The total protein and lipid contents of TT membranes per gram of tissue for new-borns are listed in Table 1 . In the GUN new-borns, the protein concentration was 19% lower per gram of tissue compared to the CN new-borns, and the total lipid concentration was 24% lower per gram of tissue compared to the CN new-borns. Because cholesterol is Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry one of the main components of TT membranes, we specifically evaluated the concentration of cholesterol. In the GUN new-borns, the concentration of cholesterol was 18% lower per gram of tissue compared to in the CN new-borns. The calculated protein/lipid ratios were 0.18 and 0.19 for CN and GUN new-borns, respectively, and the lipid/cholesterol ratios were 0.05 and 0.06 for CN and GUN new-borns, respectively. Although there was a lower amount of every component determined in the TT membranes isolated from the GUN new-borns, the ratios were conserved among groups. Protein markers of TT membranes that are known to be essential for muscle development, such as Caveolin-3 and the insulin-dependent glucose transporter GLUT-4, were determined for CN and GUN new-borns. These proteins are known to be located almost exclusively in the TT membranes. In contrast, β-Dystroglycan is known to be a protein marker of the sarcolemma, distributed in a costameric arrangement close to the opening of the TT membrane system [29] . Figure 8 shows an immunoblot and the densitometry analysis for anti-GLUT-4 ( Fig.  8A) , anti-Caveolin-3 (Fig. 8B) , anti-β-Dystroglycan (Fig. 8C ) and anti-α-actin (Fig. 8D) , the latter serving as a protein loading reference. The normalized densitometry units (NDU) with respect to the α-actin loading reference for GLUT-4 membrane expression demonstrated a significant 2.16-fold increase (1.64 ±0.31 NDU) in GUN new-born rats compared to the CN new-borns (0.76 ±0.2 NDU). There were no differences in Cav-3 membrane expression between the GUN and CN new-borns. We determined the presence of β-Dystroglycan because even though it is known to be expressed in the sarcolemma, it is localized close to the opening of the TT membrane invaginations, rendering it difficult to remove β-Dystroglycan during TT membrane purification. Nevertheless, the membrane expression of β-Dystroglycan did not differ between groups.
GLUT-4 and Cav-3 in TT membranes from new-born rats
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Discussion
The aim of this study was to assess the effect of gestational undernourishment by food restriction during pregnancy on the skeletal muscle development of the offspring. Our results show a 23% lower body weight with symmetric body dimensions in the gestationally undernourished offspring. The symmetric development restriction is explained by the fact that undernourishment affecting all stages of gestation influences cell differentiation and development [3, 30, 36] . Undernourished new-borns at day zero have a reduced concentration of serum proteins and glucose. Protein-caloric restriction diets produce a metabolic response that reduces the concentration of serum proteins, increasing the transport of serum glucose to the muscle for protein synthesis. Reduced-protein offspring have enhanced basal glucose uptake [41] . These conditions confirm the appropriate caloric restriction in our experimental animals. Several observations in humans and experimental evidence from animal models demonstrate that undernourishment from the fetal stage to adulthood results in glucose tolerance and hypoinsulimenia due to the deleterious effect of undernourishment on β-cell function [42] . The discrepancy in our results may be related to the age of the pups studied. We performed our determinations exclusively on day zero, whereas most of the reported studies were performed from several days after birth until adulthood, which introduces many variables. Gestational undernourishment results in a limited weight gain of skeletal muscle. The question of whether the mechanical properties are affected has been long addressed due to the repercussions of skeletal muscle performance in adulthood.
This study is the first to measure the mechanical properties of an isolated EDL muscle, including the force of contraction and resistance to fatigue, at day zero.
Mechanical properties of EDL muscle
We demonstrate muscle force in undernourished new-borns to be 17.5% higher than that in controls, and the time to reach 70% fatigue is 7% longer in the undernourished pup EDL muscles. After a protocol of fatigue, the force recovery was 70% faster in the GUN newborns. However, a reduction in the maximal twitch and tetanic force has been demonstrated in EDL muscles of 25-to 90-day-old rats that were gestationally undernourished with lowprotein diets [43] . The same model has also been used to demonstrate that passive tension is increased in EDL and soleus muscles, indicating that prenatal undernourishment also affects the passive elastic components [44] . We considered that the effect of gestational undernourishment measured at birth would have a direct effect on SM function because there is no further feeding or environmental conditioning. The increased force of contraction and the duration of the tetanic contraction in GUN new-borns could be partially explained by an increase in the availability of calcium in the myofilament space that could result in the reduced activity of SERCA.
Effect of gestational undernourishment on Ca
2+ -ATPase (SERCA and PMCA) activity The ATP hydrolytic activity of SERCA in CN new-born rats at 30 min of reaction was half that of the reported SERCA activity in adult fast SM [45] . Although SR membranes were obtained from what later would be fast SM, in the new-born rats, these muscles are mainly slow/intermediate fiber types [1, 5] , which could be the reason for the slower and lower activity levels compared to their adult counterparts. The lower SERCA ATPase activity in GUN muscles could be related to different conformations of SERCA rather than to an inhibitory mechanism. The PMCA activity of TT membranes from CN muscle is four times lower in comparison to the reported PMCA activity levels of TT membranes from adult fast SM [27] . The TT membrane PMCA contribution to intracellular calcium regulation at birth may not play a significant role for intracellular calcium regulation during muscle activity.
Whether gestational undernourishment effects on SM function are related to a reduction in the TT membrane surface area or TT membrane protein expression remains to be investigated. 
Effect of gestational undernourishment on transverse tubule membranes
In this study, we show reduced protein and lipid content per gram of tissue in the TT membranes of GUN new-borns with an overexpression of GLUT-4.
Lower levels of TT membrane components in GUN SM could be explained by reduced myoblast fusion due to a glucose deficiency, as has been previously shown to occur in vitro in culture myoblasts [10] , or by hyperinsulinemia similar to that shown to occur in foetuses from undernourished pregnant rats [41] . Although the specific activity of the TT membrane protein marker Mg 2+ -ATPase tended to be higher in GUN new-borns, no significant difference was documented. However, the decreased glucose plasma concentration, together with the two-fold increase in TT membrane GLUT-4 expression found in this study, supports similar findings with the hypothesis of a compensatory mechanism in nutriment-stressed animals during development [36, 46, 47, 48] . However, it is necessary to further investigate the structural functionality of GLUT-4, which is overexpressed in the TT membranes of the SM of GUN new-born animals. Glucose uptake has been reported to result in increased adipose tissue in adult subjects who were gestationally undernourished [49] . The underdevelopment of SM that resulted from gestational undernourishment highlights the importance of adipose tissue in increasing glucose uptake for the lipogenesis pathways. The change in the denaturation profile of TT membrane proteins, mainly a reduction in the temperature range transition, demonstrates that the GUN TT membrane proteins have lower thermal stability and are therefore more vulnerable to structural damage.
In conclusion, the experiments described in this paper present the first evidence obtained from isolated TT membranes from the SM muscle of new-born rats at day zero to support the idea that the most important changes resulting from gestational undernourishment in rat offspring are the overexpression of GLUT-4, with an effect on the conformational stability of integral proteins. The precise nature of the conformational changes described in these results remains unknown. We are presently investigating the nature of these conformational changes. We also describe in this paper for the first time the effect of gestational undernourishment on force increment and fatigue resistance in isolated
